Abstract. Baker's yeast, Saccharomyces cerevisiae, has been shown to sensitize a variety of breast cancer cell (BCC) lines to paclitaxel chemotherapy in vitro. The present study evaluated the ability of S. cerevisiae to sensitize BCCs to paclitaxel in animals bearing Ehrlich ascites carcinoma (EAC). Mice bearing EAC were intratumorally injected with dead S. cere visiae (1x10 7 cells/ml) in the presence or absence of low-and high-dose paclitaxel [paclitaxel-L, 2 mg/kg body weight (BW) and paclitaxel-H, 10 mg/kg BW, respectively]. At 30 days post tumor inoculation, co-treatment with yeast plus paclitaxel-L showed improvements over paclitaxel-H alone, as measured by tumor weight (-64 vs. -53%), DNA damage (+79 vs. +62%), tumor cell apoptosis (+217 vs. +177%), cell proliferation (-56 vs. -42%) and Ki-67 marker (+95 vs. +40%). Histopathology and ultra-structural examinations showed that yeast plus paclitaxel-L enhanced apoptosis in EAC more than paclitaxel-H alone and caused comparable tumor necrosis. We conclude that baker's yeast may be used with low-dose chemotherapy to achieve the same potency as high-dose chemotherapy in mice bearing EAC. This suggests that baker's yeast may be an anticancer adjuvant and may have clinical implications for the treatment of breast cancer.
Introduction
Cancer accounts for 1 in 8 deaths worldwide and is rapidly becoming a global pandemic. Unfortunately, there are two key obstacles to the effective treatment of cancer: drug toxicities and multi-drug resistance (MDR). Current methods for treating cancer with chemotherapy have severe toxicities that can include myelosuppression, neurotoxicity, immunesuppression and mutagenic and carcinogenic effects (1) (2) (3) . In addition, complete elimination of tumor cells post-treatment with chemotherapy is hindered by the development of MDR. The main cause for the development of MDR in cancer cells has been attributed to the overexpression of ABC drug transporters, resulting in a decrease in drug uptake or an increase in drug efflux from the cancer cells.
Currently, there is increased interest in using and developing natural products that overcome the problems of toxicity and drug resistance of chemotherapy agents. Natural products from several different sources have been identified as potential novel therapeutic candidates for cancer treatment, including products derived from plants, animals, vitamins, minerals and microorganisms (4) . These include vitamin E (5), tetrandrine that is a bisbenylisoquinoline alkaloid from the root of Stephenia tetrandra (6) , the natural isoflavone compound genistein (7) and green tea that contains flavonoids and catechins (8) . In addition, we have developed several natural biological response modifiers (BRMs) which exhibit anticancer effects against several cancer types and have minimal, if any, side effects. These include MGN-3/Biobran, an arabinoxylan from rice bran (9) (10) (11) ; marina crystal minerals (MCM), a crystallized mixture of minerals and trace elements from sea water (12) , Thymax, gross thymic extract (13) and PFT, a novel kefir product (14) .
Several of the above natural dietary products that have been shown to act as potent anticancer agents have subsequently also been shown to possess effective chemosensitizing properties. For example, MGN-3/Biobran has been shown to sensitize cancer cells to several chemotherapeutic agents such as cisplatin, doxorubicin, daunorubicin (DNR), adriamycin and paclitaxel in vitro and in vivo (10, (15) (16) (17) (18) , and it has been shown to enhance the effects of interventional therapies for the treatment of hepatocellular carcinoma (19) . Curcumin can sensitize tumors to different chemotherapeutic agents by mechanisms that include MDR modulation (20, 21) . Restoration of drug sensitivity has been achieved by several agents including vitamin E, which has been shown to act as a P-gp inhibitor (22) , tetrandrine (6, 23, 24 ) and the flavonoid quercetin, which is an MDR modulator and thus a potential chemosensitizer (25) .
We also found that baker's and brewer's yeast, Saccha romyces cerevisiae, acts as an anticancer agent. This natural product is a commercially available food supplement and a necessary component for the production of fermented foods (such as bread and beer). Its anticancer activity has been evidenced in in vitro studies involving several human cancer cell lines that undergo apoptosis upon the phagocytosis of killed S. cerevisiae. These cancer cells include breast, tongue and colon (26) (27) (28) (29) . In addition, S. cerevisiae can induce apoptosis in nude mice bearing human breast cancer (30, 31) and in Swiss albino mice bearing Ehrlich carcinoma (32) . Studies have shown that one of the metabolites of yeast, trehalose, exerts anticancer effects when combined with synthetic agents. Such yeast metabolites may represent another mechanism by which yeast exhibits an anticancer effect (33) . Furthermore, we have recently shown that S. cerevisiae sensitizes different mammary cancer cells to chemotherapy in vitro, with the IC 50 value for paclitaxel being significantly reduced against breast cancer cells in the presence of S. cerevisiae (34) .
In the present study, we evaluate the ability of S. cere visiae to sensitize cancer cells to chemotherapy, paclitaxel, using mice bearing Ehrlich ascites carcinoma (EAC). While our previous study demonstrated yeast's ability to sensitive human and murine breast cancer cells to chemotherapeutic agents in vitro (34) , the present study sought to explore whether this in vitro effect is observable in vivo using an EAC mouse model. EAC is a spontaneous murine mammary adenocarcinoma (35) that appeared first as a spontaneous breast cancer in a female mouse and has been commonly used as an experimental tumor by transplanting tumor tissues subcutaneously from mouse to mouse (36) . EAC is an undifferentiated carcinoma, is originally hyperdiploid, and has high transplantable capability, rapid proliferation, shorter life span and 100% malignancy (37) . EAC models are frequently utilized by our group and others in the development of antitumorigenic agents (34, 38) . Results of the present study show that S. cerevisiae can sensitize EAC cells in mice to paclitaxel by mechanisms involving induction of apoptosis. In addition, S. cerevisiae combined with paclitaxel at low dose has a more significant anticancer effect than paclitaxel alone at high dose. The present study shows that yeast is a potent chemosensitizer and it may have clinical implications for the treatment of breast cancer.
Materials and methods

Paclitaxel (Taxol ®
. Paclitaxel was purchased from BristolMyers Squibb Inc. (Princeton, NJ, USA). It was supplied with an initial concentration of 100 mg/16.7 ml. Each ml of sterile non-pyrogenic solution contains 6 mg paclitaxel, 527 mg of purified Cremophor ® EL (polyoxyethylated castor oil) and 49.7% (vol/vol) dehydrated alcohol, United States Pharmacopeia (USP).
Preparation of S. cerevisiae.
Commercially available baker's and brewer's yeast, S. cerevisiae, was used in suspensions that were washed once with phosphate-buffered saline (PBS). It was then incubated for 1 h at 90˚C to kill the yeast and washed three times with PBS. Quantification was carried out using a hemocytometer, and cell suspensions were adjusted to 1x10 7 cells/ml (34) . The yeast was given locally to mice-bearing EAC at 0.1 ml/mouse three times a week for 25 days starting from day 8 of tumor cell inoculation.
Animals. Eighty female Swiss albino mice (2 months old) weighing 19-21 g were used in the present study. The mice were purchased from the National Cancer Institute, Cairo University, (Cairo, Egypt) and were housed in our animal research facility at constant temperature (24˚C±2˚C) 50˚F at 10% relative humidity, and alternating 12-h light/dark cycles. Mice were accommodated for 1 week prior to experiments. Animals were provided with standard cube pellets and water ad libitum. The diet consists of casein (12.5%), fats (1.0%), wheat flour (80%), bran (3.3%), olive oil (2.3%), DL-methionine (0.5%), vitamins and salt mixture (0.2%) and water (0.2%). The ratio of total calories was ~18% protein, 73% carbohydrate and 9% fat. The pellets were purchased from Misr Oil & Soap Co. (Cairo, Egypt). The actual food intake was previously monitored and found to be from 4 to 5 g/day/animal weighing 20±2 g. Animal protocols were in compliance with the Guide for the Care and Use of Laboratory Animals at the University of Mansoura, Egypt.
Preparation of Ehrlich ascites carcinoma (EAC) cells and tumor transplantation.
EAC cells were kindly supplied by the National Cancer Institute, Cairo University, (Cairo, Egypt) and were maintained by weekly intraperitoneal transplantation of 2.5x10 6 cells in female Swiss albino mice. In this experiment, solid tumors were produced by intramuscular injection with 0.2 ml EAC cells (2.5x10 6 cells) in the right thigh of the lower limb of the mice. Viability of the tumor cells was assessed to be 95% by trypan blue dye exclusion method.
Experimental design. At 8 days post-tumor cell inoculation, mice bearing a solid EAC tumor mass of ~100 mm 3 were used in the study. Mice were divided into eight groups (n=10): i) normal control untreated mice; ii) control mice treated with yeast alone; iii) mice bearing tumors receiving intratumoral (i.t.) injections of PBS (EAC); iv) mice bearing tumors receiving i.t. injections of yeast (1x10 7 cells/ml); v) mice bearing tumors receiving paclitaxel at a high dose (paclitaxel-H) (10 mg/kg); vi) mice bearing tumors receiving paclitaxel at a low dose (paclitaxel-L) (2 mg/kg); vii) mice bearing tumors receiving yeast plus paclitaxel-H; and viii) mice bearing tumor receiving yeast plus paclitaxel-L. Mice received paclitaxel and/or yeast 3 days/week commencing on day 8 post EAC cell inoculation until the end of the experiment (day 30). On day 30, animals were anesthetized and sacrificed by cervical dislocation. The tumors were excised and immediately frozen or fixed in 10% neutral formalin for histopathological examination or in 2.5 glutaraldehyde for electron microscopy.
Evaluation of body weight and tumor weight Body weight (BW).
Mice were examined for initial, final and net BWs at day 30. The net final BW = final BW -tumor weight. BW gain was determined as the difference between the initial and the net final BW.
Tumor weight (TW).
On day 30, the mice were euthanized and the solid tumors were excised for weight (TW/g) determination before freezing. Analysis of apoptosis, DNA damage and cell prolifera tion assay. Quantitative detection of apoptosis with cleaved poly(ADP-ribose) polymerase (PARP), DNA damage using phosphorylated H2AX (γH2AX form), and cell proliferation by bromodeoxyuridine (BrdU) were simultaneously determined in vivo by multicolor flow cytometric analysis using the Apoptosis, DNA Damage and Cell Proliferation kit specific to incorporated BrdU, γH2AX and cleaved PARP (BD Pharmingen; BD Biosciences, San Diego CA, USA) following the manufacturer's instructions.
AnnexinV/PI. Annexin V is a protein that binds to phosphatidylserine (PS) residues which are exposed on cell surfaces of apoptotic, but not normal cells. During apoptosis, the PS groups are exposed to the exterior of the cell membrane. This binding of PS with Annexin V is an established biochemical marker of apoptosis. Induction of apoptosis caused by yeast and paclitaxel in EAC-primary tumors was quantitatively determined through flow cytometry using the Annexin V-conjugated Alexa Fluor 488 Apoptosis Detection kit following the manufacturer's instructions (BD Biosciences). 6 cells/ml were prepared, centrifuged for 5 min at 200-300 x g, and the supernatant was discarded. Afterwards the cell pellets were re-suspended in 500 µl PBS. Subsequently, 1 ml of suspension was dispensed in a flow cytometric tube. Cells were incubated with 25 µl of anti-CD4 + or anti-CD8 + in the dark for 30 min at 4˚C. The supernatant was discarded and the cells were washed twice by PBS, pH (7.2). Then, 200 µl paraformaldehyde solution was added to each tube, mixed well and maintained in the dark at 4˚C until FACS analysis following the manufacturer's instructions.
Flow cytometric analysis of T helper cells (CD4 +
Immunostaining for proliferation marker Ki67. Ki-67 is a cell proliferation marker for tumor progression commonly used as an early predictor in breast cancer. Immunohistochemical staining was performed on formalin-fixed paraffin-embedded tissues. Staining was performed using streptoavidin-biotin method as previously described (39) by using the Histostain-Plus kit (Santa Cruz Biotechnology, Santa Cruz, CA, USA) which contains 10% non-immune serum, biotinylated secondary antibody and streptoavidin-peroxidase. Immunohistochemical reactivities of Ki-67 expression in the different groups were quantified by image analysis (Immuno Ratio-JPEG2000 virtual slide microscope; Institute of Biomedical Technology, University of Tampere, Tampere, Finland).
Histopathological studies. At 30 days post inoculation, the animals were sacrificed, and the tumor specimens under different treatment conditions were removed and fixed in 10% neutral buffered formalin for at least 24 h. The tissues were embedded in paraffin using a routine method and then cut into 3-4 µm thickness with a microtome and stained with hematoxylin and eosin (H&E). The H&E-stained slides were examined under a light microscope (magnification, x4-x40).
Electron microscopy (EM). Small fragments (1 mm
3 blocks) of tissue were fixed in 2.5% glutaraldehyde, and then put into sodium cacodylate buffer the night before processing and postfixed with osmium tetroxide. The tissues were then embedded in resin. Semi-thin sections were cut using a glass knife and stained with toluidine blue. Semi-thin sections are required to confirm the presence of desired cells and to select the best tissue block for thin-sectioning. Finally, thin sections were cut on a diamond knife. Routine staining was performed with uranyl acetate followed by lead citrate (40) , and examined using JEOL Electron Microscope (JEOL Ltd., Tokyo, Japan) operating at 60 kV.
Statistical analysis.
Values are reported as mean ± standard error (SE) and data were analyzed using one-way analysis of variance (ANOVA) followed by least significant difference (LSD) post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant result.
Results
This study evaluated the chemosensitizing effect of yeast in mice bearing tumor. Parameters under investigation included body weight, tumor weight, cell proliferation, DNA damage, apoptosis in tumor cells, CD4 + and CD8 + T cells infiltrated in tumor tissue and Ki-67 expression. Histopathology and ultrastructural examinations were also used. In addition, adverse side-effects from the yeast treatment and/or paclitaxel were also monitored.
Changes in the body weight (BW).
As shown in Fig. 1 , all animal groups showed an increase in BW after one month of treatment, as compared to the initial BW. The percentage of weight gain compared to initial body weight was as follows: i) control untreated mice, 15.5%; ii) yeast-treated control mice, 15.4%; iii) untreated EAC-bearing mice showed only 2.0%; iv) yeast-treated EAC-bearing mice showed 9.3%; v and vi) paclitaxel-treated (high and low doses) EAC-bearing mice showed 9.4 and 7.0%, respectively; and vii and viii) paclitaxel (high and low) combined with yeast was 18 and 13.7%, respectively. The results demonstrated that the combined treatment with yeast and paclitaxel-L showed an increase of 13.7% in BW, while treatment with paclitaxel-H alone presented an increase of 9.4%.
Animals were monitored to observe potential toxic side effects of yeast treatment. Injections (i.t.) of S. cerevisiae alone or in the presence of paclitaxel showed no adverse side-effects as indicated by normality of feeding/drinking and life activity patterns for the entire treatment period.
Changes in tumor weight (TW).
The percent change in TW on day 30 in the different groups, as compared to EAC-bearing mice (5.3±0.11 g) was examined. Data depicted in Fig. 2 show significant suppressive effects on TW by individual treatments, including the following: yeast alone -46.8%, paclitaxel-H alone -52.6% and paclitaxel-L alone -33.6%; and combined treatments with yeast plus paclitaxel-H and yeast plus paclitaxel-L showed -75.1 and -63.7%, respectively. Results of this study revealed that combined treatment with yeast and paclitaxel-L showed a more significant decrease in TW (63.7%) than that caused by paclitaxel-H alone (-52.6%). Similar trends were observed in the last tumor volume (data not shown).
Flow cytometric analysis of cell proliferation, DNA damage and apoptosis of EAC Determination of cell proliferation. Fig. 3 shows the suppressive effect of yeast and/or paclitaxel on the percentage of tumor cell proliferation as compared to EAC: treatment with yeast alone showed -45% (P<0.01); treatment with paclitaxel-L alone and paclitaxel-H alone was -35% (P<0.05) and -42% (P<0.01), respectively; and combined treatments with yeast plus paclitaxel-L and yeast plus paclitaxel-H showed -56 and -68% (P<0.01), respectively. Thus, it appears that the combined treatment with yeast and paclitaxel-L resulted in a larger decrease in cell proliferation as compared to paclitaxel-H alone.
Determination of DNA damage. As shown in Fig. 3 , individual treatments of yeast, paclitaxel-L and paclitaxel-H caused significant increase in the percent change in DNA damage. In addition, combined treatments with yeast plus paclitaxel-L and yeast plus paclitaxel-H showed even greater damage. Again, it appears that the combined treatment with yeast and paclitaxel-L resulted in a greater increase in DNA damage as compared to paclitaxel-H alone. Fig. 3 showed that the individual treatments of yeast, paclitaxel-L and paclitaxel-H caused a significant increase in tumor cell apoptosis. In addi- tion, combined treatments with yeast plus paclitaxel-L and yeast plus paclitaxel-H showed higher increase in tumor cell apoptosis. Results again showed that treatment with yeast plus paclitaxel-L resulted in a larger increase in apoptosis as compared to paclitaxel-H alone.
Determination of apoptosis. Data in
Quantitative determination of apoptosis by Annexin V/PI double staining.
A quantitative analysis of apoptosis in tumor cells induced by yeast and/or paclitaxel was performed by flow cytometry using Annexin V/PI double staining. Fig. 4 summarizes the results of early, late and total apoptosis post-treatment with yeast in the presence and absence of paclitaxel. The percent change in early apoptotic cell count in the different groups, as compared to the control untreated EAC-bearing mice, was as follows: treatment of yeast alone showed 179%; treatment with paclitaxel-L alone and paclitaxel-H alone was 60% (P<0.01) and 326% (P<0.01), respectively; and treatment with yeast plus paclitaxel-L and yeast plus paclitaxel-H showed 471 and 582% (P<0.01), respectively. Combined treatment with yeast and paclitaxel-L resulted in an increase of 471% in early apoptosis, as compared to the 326% increase achieved by a paclitaxel-H alone. A similar trend of results was noted in the percent change in late and total apoptotic cell count in the different groups as compared to control untreated EAC-bearing mice.
Furthermore, data in Fig. 4 shows the percentage of viable tumor cells in mice under different treatment conditions as compared to control untreated EAC-bearing mice. Mice Evaluation of Ki67 cell proliferation marker. Cell proliferation in EAC cells treated with yeast with or without paclitaxel was determined by Ki-67 marker immunohistochemical staining (Table I) . Control untreated EAC bearing mice showed an increase in Ki-67-positive nuclei of the neoplastic cells. The percent decrease in cell proliferation in the different groups, as compared to the EAC-bearing mice, was as follows: treatment of yeast alone showed 50%, EAC-bearing animals treated with paclitaxel-H alone and paclitaxel-L alone was 40% (P<0.01) and 36% (P<0.01), respectively; and animals treated with yeast plus paclitaxel-H and yeast plus paclitaxel-L showed 96 and 95% (P<0.01), respectively.
Detection of CD4 + and CD8 + T cells infiltrating the tumor by flow cytometric analysis Infiltrated CD4
+ T cells. Table II shows that the percent increase in infiltrated CD4 + T cells in the different groups, as compared to EAC-bearing mice, is as follows: treatment of yeast alone 57%, paclitaxel-H alone 49% and paclitaxel-L alone 38%. In addition animals treated with yeast plus paclitaxel-H and yeast plus paclitaxel-L showed 72 and 54%, respectively.
Infiltrated CD8
+ T cells. Table III and Fig. 5A -F. H&E-stained sections of the tumor in all groups (Fig. 5A-F) showed poorly differentiated invasive carcinoma. The neoplastic cells were large, had a high N:C ratio and exhibited markedly pleomorphic nuclei. Many mitoses including abnormal forms were noted. All tissue sections of the tumor in all groups displayed tumor necrosis that mostly occurred at the center of the tumor nodule. The necrotic tumor appeared acellular, stained homogenously with red eosin, retained the general architectural pattern of the tissue and was found to be characterized by abrupt transition from viable to necrotic tissue (coagulative necrosis). This necrotic area was marginated by degenerated tumor cells and inflammatory cells (colliquative necrosis).
Histopathology of tumor tissues. We examined H&E staining of the solid tumors removed from the EAC-bearing mice under different treatment conditions using light microscopy. The different groups include the control untreated EAC-bearing mice (A), EAC-bearing mice injected with yeast (B), EAC-bearing mice treated with paclitaxel-H (C), EAC-bearing mice treated with paclitaxel-L (D), EAC-bearing mice treated with yeast plus paclitaxel-H (E), and EAC-bearing mice treated with yeast plus paclitaxel-L (F). Results of the treatments are illustrated in
The effects of the different treatments were evaluated via testing the following parameters: size of the tumor, extent of necrosis, number of bizarre/multinucleated tumor cells, and the degree of proliferative activity of the tumor (number of mitoses). Group A, the control untreated tumor, was used to compare all the other groups. Injecting yeast to the tumor (B) caused an appreciable tumor necrosis as compared with group A. Tumor necrosis was found to be highest and comparable between groups paclitaxel-high (C), yeast + paclitaxel-high (E) and yeast + paclitaxel-low (F). The amount of tumor necrosis in paclitaxel-low (D) was almost comparable with the control group (A). The tumor aggressiveness decreased in all treated groups (B-F) but was least in groups B and F as evidenced by the lowest number of bizarre tumor cells and the number of mitoses.
Parameters -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Treatments ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
In summary, histopathological examination revealed that the addition of yeast to low dose paclitaxel (group F) caused the greatest tumor necrosis and exhibited the least aggressive features (the lowest number of bizarre tumor cells and the lowest proliferative activity).
Ultrastructural observations of tumor tissues. The ultrastructural examination of the tumor samples excised from EAC-bearing mice treated with yeast in the absence or presence of paclitaxel is illustrated in Fig. 6A-H 
Discussion
Paclitaxel is a frequently used chemotherapeutic agent that was originally isolated from the bark of the Pacific yew tree and was approved in 1994 by the US Food and Drug Administration (FDA) as Taxol ® for the treatment of patients with metastatic breast cancer. In addition, paclitaxel exhibits a broad spectrum of activity against other human cancers, such as ovarian, non-small cell lung cancers and malignant brain tumors (41). Although paclitaxel induces apoptotic effects on cancer cells at high concentrations (42) (43) (44) (45) , its treatment is associated with severe side-effects, including myelosuppression, peripheral neuropathy, hypersensitivity reactions, alopecia and cardiac disturbances and gastrointestinal toxicity (1) (2) (3) 46) . Therefore, our research focused on finding dietary agents that may have the ability to reduce the toxicity of chemotherapy by lowering the concentration of drug administered to animals and patients while maintaining potency against cancer cells. Our previous research revealed that arabinoxylan rice bran, Biobran/MGN-3, has the ability to sensitize cancer cells to paclitaxel in animalbearing tumors (47) . In addition, Biobran/MGN-3 was found to sensitize hepatocellular carcinoma to chemotherapy and other interventional therapies in a 3-year randomized clinical trial (19) . We recently investigated the ability of another dietary agent, baker's and brewer's yeast, S. cerevisiae, to sensitize metastatic and non-metastatic breast cancer cells to paclitaxel in vitro and showed the IC 50 value for paclitaxel was significantly reduced in the presence of yeast (34) .
In the present study, we evaluated the ability of baker's yeast to sensitize cancer cells to paclitaxel in mice bearing EAC. Here, we present evidence showing the ability of baker's yeast to act as a chemosensitizer when used in combination with paclitaxel. Co-treatment of yeast plus paclitaxel at a low dose (2 mg/kg BW, paclitaxel-L) resulted in greater anticancer effects than paclitaxel at a high dose (10 mg/kg BW, paclitaxel-H) alone. This is clearly evidenced by a greater retardation of tumor growth, greater increase in DNA damage and apoptosis and larger decrease in cell proliferation as compared to paclitaxel-H alone. In addition, histopathological examination confirmed that yeast plus paclitaxel-L produced antitumor effects better than paclitaxel-H alone. Thus, baker's yeast may be used in conjunction with chemotherapy at low concentrations to achieve the same potency as high-dose chemotherapy against cancer cells in mice-bearing EAC.
Apoptosis is an important factor underlying the anticancer effects by yeast and paclitaxel. Our previous studies demonstrated that heat-killed baker's yeast is a potent inducer of apoptosis. This is based on the phenomenon that phagocytosis of yeast by cancer cells triggers apoptosis of cancer cells. Several in vitro studies have demonstrated that human cancer cells can phagocytize yeast, and subsequently these cancer cells showed morphological signs of apoptosis such as nuclear fragmentation and membrane blebbing, in addition, flow cytometric analysis showed mitochondrial polarization and increased activation of caspases-8, -9 and -3 in the BCC post culture with yeast (26, 27, 29) . Furthermore, the current ultra-structural analysis showed neoplastic cells engulfing countless numbers of yeast, which triggered the apoptosis of cancer cells as indicated by fragmented and condensed chromatin inside nuclei and extensive vacuolized cytoplasm. This yeast-induced apoptosis of tumor cells ultimately resulted in significant retardation of tumor growth. These results are in accordance with our previous studies that showed yeast i.t. injection suppressed the growth of mice-bearing EAC tumors (32) and nude mice-bearing human MCF-7 tumor cells. In these studies, treatments with yeast showed active involvement of lysosomes in the phagocytosis and digestion of yeast and in cancer cell apoptosis (31) . Further studies showed that yeast-induced apoptosis of human MBC cells occurs by a mechanism involving intracellular Ca2 + that may trigger apoptotic signals directly via intrinsic pathway of apoptosis (48) .
As a member of the taxane family, paclitaxel suppresses spindle microtubule dynamics. Inhibition of microtubules results in the blockage of metaphase-anaphase transitions, ultimately suppressing cell proliferation by inhibition of mitosis (49, 50) . In the present study, treatment with paclitaxel inhibited cell proliferation and induced DNA damage in mice-bearing EAC tumors in a dose-dependent manner. Our research and that of others showed that paclitaxel induces apoptosis in a variety of cancer cells including BCCs by both intrinsic and extrinsic pathways of apoptosis, involving modification of mitochondrial membrane potential (MMP) and activation of caspase-8 and caspase-3 (51-55). Ultra-structural examination showed that treatment with paclitaxel induced cancer cell apoptosis that was associated with chromatin condensation and aggregation around the nuclear envelope and the cytoplasm contained numerous electron-dense grainy free ribosomes. The apoptotic effect by paclitaxel is attributed to the ability of this agent to arrest mitosis through microtubule stabilization.
In the present study, the ability of yeast to sensitize EAC to paclitaxel was well illustrated. Fig. 3 shows that cotreatment of yeast plus paclitaxel-L caused a greater decrease in cell proliferation than paclitaxel-H alone (-56 vs. -42%), as examined by BrdU staining and weak expression of KI-67 (a marker of cell proliferation) (95 vs. 40%), elevated DNA damage (+79 vs. +62%), and an enhancement of the apoptotic tumor cells (+217 vs. +177%). These results are in accord with our recent in vitro studies that showed that baker's yeast in the presence of paclitaxel increased the sensitivity of three human and murine BCC lines to paclitaxel (34) .
Several dietary products have shown the ability to modulate multi-drug resistance (MDR) and thus have potential as chemosensitizers. For example, the flavonoid quercetin is an MDR modulator (25) , curcumin sensitizes cervical cancer cells to cisplatin by suppressing MRP1 and Pgp1 (56) and vitamin E acts as a P-gp inhibitor (22) . Dietary fatty acids also act as chemosensitizers by increasing the intracellular chemotherapy drug accumulation in cancer cells (57, 58) , and tetrandrine is likewise able to restore drug sensitivity (6, 23, 24) . Flow cytometry results from the present study showed yeast to be a chemosensitizer that possesses potential for adjuvant therapy in the treatment of cancer, as exemplified by the fact that yeast in the presence of paclitaxel-L enhances apoptosis in EAC to a greater extent than paclitaxel-H alone. The mechanism(s) underlying the chemosensitizing effect of yeast is not known, but could be attributed to the ability of yeast to suppress MDR proteins or increase the intracellular chemotherapy drug accumulation in cancer cells.
The immunomodulatory effect of S. cerevisiae may represent another mechanism by which this agent suppresses tumor growth in EAC-bearing mice. Results of this study showed the ability of yeast to act as a potent immune modulator, as indicated by enhancement of CD4 + and CD8 + T cell tumor infiltration. Earlier research has shown that yeast treatment can increase recruitment of leukocytes, including macrophages into the tumors, and modulate cytokine response, as indicated by elevation of TNF-α and IFN-γ plasma levels and decreased IL-10 levels (32). This suggests that S. cerevisiae exerts anticancer effects via both apoptotic and immunomodulatory properties. The findings of this study also showed that paclitaxel enhanced tumor infiltration of CD4 + and CD8 + T cells but to a lesser extent than yeast.
The histopathological results of yeast treatment alone are in agreement with our previous results in which injection of S. cerevisiae into mice bearing EAC was associated with histopathology changes including extensive tumor necrosis, apoptosis and ischemic (coagulative) and liquefactive necrosis (32) . In the present study, yeast in combination with paclitaxel-L resulted in increased tumor necrosis, decreased tumor aggressiveness and decreased tumor proliferative activity relative to treatment with either yeast or paclitaxel-L alone. Yeast plus paclitaxel-L showed a similar magnitude of tumor necrosis as compared to paclitaxel-H alone and yeast plus paclitaxel-H. Yeast plus paclitaxel-L also demonstrated fewer bizarre/multinucleated cells and mitoses than paclitaxel-H. Thus, yeast plus paclitaxel-L is more effective against breast cancer than paclitaxel-H.
S. cerevisiae is viewed as a safe, non-toxic, non-life threatening agent by the human population. In our previous in vitro study (28) , we showed that yeast specifically affects cancer cells and not normal cells. When cultured with yeast, breast cancer cells (MCF-7) phagocytized the yeast and subsequently underwent apoptosis, while there was virtually no phagocytosis of yeast by the normal non-tumorgenic breast epithelial cells (MCF-10A). The safety of yeast treatment has been additionally examined using two in vivo approaches. In animal studies, S. cerevisiae showed no toxic characteristics as manifested by the ability of all animals to survive for 45 days post-treatment with yeast with normal feeding/drinking and life activity patterns (31) . Mice treated with yeast survived a 16-week treatment period and histopathology of different organs and biochemical analysis of liver and kidney function were within the limits of normal healthy mice (59) . The work of others have also shown that animals can tolerate relatively high doses of yeast without any pathology detected up to at least 21 days post treatment, including rats (60), mice (61) and monkeys (62) . Our current data are in accordance with the above mentioned studies, where mice survived a 30-day treatment period. In the second in vivo approach, human studies have shown that i.v. injections of yeast glucans have been given to humans to boost the immune system of patients undergoing major surgery (63) (64) , patients with Paracoccidioidomycosis (PCM), an endemic disease in most Latin American countries, and for elimination of P. brasiliensis (65) . Results of these studies revealed no adverse side effects associated with yeast infusion (63, 64, 66) . A skin cancer study showed that treatment with yeast counteracted the significant decrease in body weight due to cancer (59) . Weight loss is common among people with cancer, and it has been also observed in animal studies that adipose tissue wasting can occur as soon as the tumor is palpable (67).
In conclusion, baker's yeast can enhance the apoptotic effect of paclitaxel and may suggest the use of yeast as an adjuvant treatment during anticancer chemotherapy. These results may have clinical implications for the treatment of breast cancer. Future research needs to be directed towards examining the chemosensitizing effect of yeast in other models, such as the xenograft model. In addition, the ability of yeast as a chemosensitizer should be investigated in combination with other chemotherapeutic agents.
